Abstract-Preeclampsia is a disease associated with significant cardiovascular morbidity during pregnancy and in later life.
P reeclampsia (PE) is a pregnancy complication of placental etiology with acute onset of predominantly cardiovascular manifestations. 1 The pathological changes in this disorder are primarily ischemic in nature and are known to affect the placenta, kidney, liver, and brain, whereas there is scant and conflicting information about the impact on the heart. [1] [2] [3] [4] [5] [6] [7] Cardiopulmonary morbidity is seen in a significant proportion of preeclamptic cases 8 and autopsy data have demonstrated that preeclamptic women have a 10-fold higher prevalence of myocardial contraction band necrosis than deaths in pregnancy from other causes. 9 Epidemiological data have also highlighted the strong relationship between preeclampsia and premature morbidity and mortality from cardiovascular disease 10, 11 thought to be related to shared cardiovascular risk factors. 12 All these data suggest that preeclampsia may be associated with the potential for significant myocardial damage. Tissue Doppler (TD) velocity and deformation indices are highly sensitive at detecting even mild myocardial damage. [13] [14] [15] [16] [17] [18] The aim of this study is to test the hypothesis that PE provokes significant myocardial damage/dysfunction by using both conventional echocardiography and TD analysis in women with and without PE.
Methods

Study Subjects
This was a prospective case-control study carried out over a 2-year period from January 2008. All women with singleton pregnancy and PE at term (37 to 42 completed weeks of gestation) were recruited consecutively as cases after informed consent and with local institutional review committee approval. Only women without comorbidities, nonsmokers, and before starting any medication were asked to take part in the study. PE and nonproteinuric gestational hypertension (GH) were defined according to the International Society for the Study of Hypertension in Pregnancy guidelines. 19 Normotensive healthy, nonsmoking control subjects matched for maternal age, gestation, and ethnicity and women diagnosed with GH at term were also recruited as control subjects from the routine antenatal clinic.
Echocardiography
All subjects were studied by standard 2-dimensional and Doppler transthoracic echocardiography at rest. Patients were studied in the left lateral decubitus position and data acquired at end expiration from standard parasternal/apical views using a GE Vivid 9 scanner. 20, 21 For each acquisition, 3 cardiac cycles of noncompressed data were stored in cine-loop format and analyzed without blinding offline by 1 investigator (K.M.). Cardiac indices were normalized for body surface area, height, and end-diastolic left ventricle long or short axis lengths, as appropriate. [22] [23] [24] TD, strain, and strain rate indices are given as absolute values.
Heart Remodeling
Chamber quantification and left ventricular (LV) geometric pattern were estimated using M-mode as previously described. 20 Proximal septal bulging was assessed in the parasternal long-axis and apical 4-chamber views. 25 
Systolic Function
LV volumes and ejection fraction were derived from Simpson's modified biplane method from apical 4-chamber and 2-chamber views. 20 Maternal blood pressure was measured following the recommendation of the National High Blood Pressure Education Program Working Group on High Blood Pressure in Pregnancy. 1 Hemodynamic and systolic cardiac indices were calculated as described before 26 (see supplementary material; available at http:// hyper.ahajournals.org). Longitudinal and radial systolic function were assessed both globally and regionally using color and pulsed TD velocity indices and color TD-encoded strain and strain rate indices as previously described. 17, 18 
Diastolic Function
Global diastolic dysfunction was graded using a diagnostic algorithm ( Figure 1 ) based on the recommendations of European Association of Echocardiography and American Society of Echocardiography 21 with the following adjustments: (1) age is a primary factor in defining normal velocity and time interval indices. 21 Indices were only considered as abnormal if they were Ն2 SDs from the expected mean for the age group; (2) circulating volume in pregnancy is increased. 1 Emphasis was therefore given to those cardiac indices that are least affected by loading conditions (left more than septal mitral annulus TD indices) 23 ; and (3) the acute nature of PE on a previously normal cardiovascular system. 1 Specific importance was given to indices that reflect diastolic function at the time of assessment (transmitral, pulmonary and TD velocities, time intervals, and regional deformations) rather than indices of left atrial remodeling, which commonly reflect the cumulative effect of filling pressure in chronic conditions such as longstanding essential hypertension. 21 Regional longitudinal diastolic function was assessed by measuring color TD early and late diastolic velocity and strain rate indices positioning the sample at the level of the basal and midsegments of the inferoseptal and anterolateral LV walls in 4-chamber view. Early/late diastolic myocardial TD index ratio of Ͻ1 was taken as an index of altered segmental relaxation (segmental diastolic dysfunction) as previously proposed. 27, 28 
Statistical Analysis
Data were analyzed using SPSS 12 software (SPSS, Chicago, Ill). Variables were compared using Mann-Whitney U or 2 tests, as appropriate. Paired group comparisons were only undertaken if Kruskal-Wallis testing indicated significant differences. A sample size of 22 in each group was calculated to observe a Ͼ20% difference in early diastolic mitral wave velocity/average lateral and septal diastolic myocardial velocities ratio between cases and control subjects with 85% power and a 5% Type I risk. 29 Stepwise multiple regression analysis was used to assess the influence of cardiac parameters, demographic variables (ethnicity, maternal age, body mass index), and pregnancy characteristics on indices of cardiac Figure 1 . Diagnostic algorithm for the classification of diastolic dysfunction. EF indicates ejection fraction; Lateral E 1 , pulsed wave tissue Doppler peak early diastolic velocity at the left side of mitral valve annulus; E, peak early diastole transmitral wave velocity; A, peak late diastole transmitral wave velocity; E/A, early to late diastole peak transmitral velocity ratio; DT, deceleration time of E wave; IVRT, isovolumetric relaxation time; Adur, mitral A wave duration; Val ⌬ E/A, percentage of decrease in the mitral E/A ratio with Valsalva maneuver; Av E/E1, E to average of lateral and septal E 1 velocities; AR, peak retrograde late diastolic pulmonary wave velocity; ARdur, AR duration. function and remodeling. A value of PϽ0.05 was considered statistically significant and all tests were 2-sided. To test interobserver and intraobserver reproducibility, 2 independent operators (K.M. and A.B.) undertook offline analyses on the cine loops from 10 randomly selected women and repeated this after 1 month. The 95% limits of agreement, coefficients of variation, within-subject SDs, and repeatability coefficients were calculated.
Results
A total of 50 women with PE and 50 women with normal pregnancy were recruited during the study period. These cases were closely matched (Table 1) for age, ethnicity, and gestational age.
Diastolic Function
Twenty women with PE (40%) met the criteria for the diagnosis of global diastolic dysfunction compared with 7 (14%) in the control group (Pϭ0.007; Table 2 ; Figures 2 and 3 ). In the women with PE, there were 13 with Grade I, 4 with Grade Ia, and 3 with Grade II diastolic dysfunction. PE cases with normal global diastolic function still had evidence of regional diastolic dysfunction compared with control subjects (Table 3; Figure 4 ). PE women with global diastolic dysfunction had significantly higher end-systolic left atrial volume index than control subjects with 12 women having a left atrial volume index above the cutoff value of 34 mL/m 2 ( Table 2 ). The only demographic difference was that PE women with global diastolic dysfunction were significantly older than those without.
Remodeling and Hemodynamic
PE women had significantly higher LV mass and cardiac work indices compared with control subjects with no significant difference in LV end-systolic wall stress index (Table 4) . PE women with global diastolic dysfunction, but not those with normal global diastolic function, had significantly higher total vascular resistance index compared with control subjects ( Figure  5 ). There were 10 cases of LV concentric hypertrophy among patients with PE. LV remodeling was asymmetrical with the presence of basal septal bulge seen (nϭ7) only in the women with PE with global diastolic dysfunction (Pϭ0.001).
Systolic Function
There were no significant differences in indices of global (radial and longitudinal) systolic function between the groups both by conventional and TD assessment. Regional systolic function was also similar between PE with normal global diastolic function and control subjects. PE women with global diastolic dysfunction had significantly reduced regional (basal septal) end-systolic strain and peak-systolic strain rate indices compared with control subjects. The amplitude of basal septal postsystolic shortening index was well above 25% in 5 of 20 (25%) PE women with global diastolic dysfunction compared with none of the control subjects (Pϭ0.002; Figure 6 ).
Interdependency of Indices
Multiple regression analysis showed that hemodynamic indices were the only independent predictors of LV mass indices (Rϭ0.50; Pϭ0.0001). Hemodynamic and LV remodeling indices were independent predictors of global diastolic function. TD indices of myocardial relaxation and filling pressures appeared to be independently determined by afterload, longitudinal systolic function, and LV mass indices. There was a strong and independent relationship between longitudinal systolic and diastolic functional indices. Demographic and pregnancy characteristics did not independently contribute to echocardiographic findings.
Gestational Hypertension
Women with GH (nϭ20) who were also matched for age, gestation, and ethnicity, demonstrated equivalent changes in LV geometry/remodeling to women with PE but did not have any evidence of significant global diastolic or systolic dysfunction (Table 5 ).
Repeatability and Reproducibility
The intraobserver and interobserver coefficients of variation ranged between 1.7% and 12%. The intra-and interobserver agreements were good for all indices. Please refer also to list of supplementary material.
Discussion
The study data indicate that most women with PE undergo adaptive responses with significant heart remodeling, but a subgroup of approximately 20% of women demonstrate more evident myocardial damage and overt global diastolic dysfunction. 
Diastolic Function
This is the first study to use an evidence-based algorithm 21 to diagnose and grade diastolic dysfunction in women presenting with PE. This global approach to the interpretation of cardiac indices demonstrates impaired myocardial relaxation and normal global systolic function in almost half of the women with PE. Studies in patients with ischemic and hypertensive cardiac disorders have also demonstrated similar findings, termed "isolated diastolic dysfunction." 30 Previous studies of cardiac function and remodeling in PE have failed to identify a consistent pattern of diastolic dysfunction possibly due to the inadequacy of the conventional cardiac LAVI indicates left atrial volume index (LAV/BSA); E, peak early diastole transmitral wave velocity; A, peak late diastole transmitral wave velocity; DT, deceleration time of E wave; IVRT, isovolumetric relaxation time; S, peak systolic pulmonary venous flow velocity; D, peak anterograde early diastolic pulmonary venous flow velocity; AR, peak retrograde late diastolic pulmonary venous flow velocity; ARdur, AR duration; (ARdur-Adur), the time difference between pulmonary AR-wave duration and mitral A-wave duration; E 1 , peak early diastolic velocity at mitral valve annulus; A 1 , peak late diastolic velocity at the mitral valve annulus; average E/E1 ratio, E to average of lateral and septal E 1 velocities.
indices used. 3, 4 The current study used color and pulsed TD velocity and deformation indices, which are well correlated with invasive indices of myocardial relaxation/filling pressures and long-term cardiovascular risk. [31] [32] [33] Furthermore, previous studies disregarded the interdependency of cardiac events by assessing differences in cardiac indices in isolation, [3] [4] [5] [6] but rather evaluating global diastolic and systolic indices using a validated diagnostic algorithm. LV myocardial relaxation is paradoxically an energy-dependent process that results in a rapid decrease in LV pressure after the end of contraction and during early diastole. 21 Hence, the process of myocardial relaxation is more vulnerable than contraction and is apparently compromised in both early-stage cardiovascular disorders 30 and in PE. Multiple regression analysis demonstrated that in PE, diastolic dysfunction was significantly related to both increased afterload and/or increased LV mass as seen in nonpregnant subjects. 32, 33 Longitudinal systolic and diastolic function indices were also independently related, highlighting the importance of simultaneously assessing systolic/diastolic function and remodeling and their synergic contribution toward altered cardiac function. Women with PE and normal global diastolic function also had regional diastolic abnormalities more often than control pregnancies. These findings suggest that regional diastolic dysfunction may be an antecedent event, leading to global diastolic dysfunction as additional segments become affected. It is possible that women with PE and regional diastolic dysfunction may have developed global dysfunction if the pregnancy had not been delivered.
Systolic Function and Heart Remodeling
Global (radial and longitudinal) systolic function was preserved in women with PE. The majority of women with PE showed evidence of LV concentric remodeling and increased LV mass indices. These changes are likely to be an adaptive response to reduce the wall stress associated with increased afterload, thereby maintaining the balance between myocardial oxygen demand and supply. This inference is supported by the finding that the LV end-systolic wall stress index between PE and controls remains unchanged. Multiple regression analysis demonstrated strong independent associations between LV mass indices and hemodynamic indices. These associations are consistent with a mechanically appropriate response to increased afterload, thus preserving intrinsic myocardial contractility in PE. These assertions are supported by the findings of other studies, which also showed that the ratio between LV mass and cardiac work indices is unchanged in PE. 3, 7 LV concentric hypertrophy with a characteristic basal septal bulge and markedly reduced regional (basal septal) longitudinal systolic function with high-amplitude postsystolic shortening was evident in approximately 20% of women with PE, who also demonstrated global diastolic dysfunction. These findings suggest that there is early myocardial impair- ment, mainly localized at the level of the basal septum, in these cases. The basal septum has the highest radius of curvature in the LV and is, hence, under higher local wall stress. 14 The latter is usually compensated for by transseptal pressure from the right ventricle that acts to reduce wall stress. 14, 34 When this compensation becomes insufficient, local stress increases, leading to the development of the characteristic basal septal bulge and regional longitudinal dysfunction. 14,25,34,35 LV concentric hypertrophy is known to be accompanied by subendocardial fibrosis both in hypertensive subjects and from autopsy data. 36, 37 The coexistence of LV hypertrophy and regional longitudinal systolic dysfunction in PE suggests that there is regional subendocardial impairment, presumably due to subendocardial ischemia and/or fibrosis in the longitudinal myocardial fibers that are mainly distributed in the subendocardium. 14, 38 This assertion is supported by the autopsy finding of subendocardial ischemia in severe PE with adverse outcome. 9 
Sm
Gestational Hypertension
Although women with GH had similar hemodynamic and LV geometric patterns as women with PE, they did not demonstrate global diastolic or regional systolic abnormalities. The latter finding suggests that some cardiac changes in PE are related to factors other than hypertension. Although high blood pressure is the sole cardinal feature of GH, hypertension is only 1 of a cluster of signs used to define the multisystem disorder of PE. 1 It is possible that coexistence of oxidative stress and endothelial damage in PE could be responsible for the diastolic and systolic dysfunction seen in this condition. Alternatively, the cardiovascular stress provoked by PE may have exposed an independent underlying myopathic process.
Clinical Implications of the Study Findings
The findings of this study have significant clinical implications for peripartum intravascular volume management, because the women with global diastolic dysfunction are the ones most likely to sustain acute cardiopulmonary morbidity, most commonly from pulmonary edema. 8,39 -42 The latter may be better predicted by the early diastolic mitral wave velocity/ average lateral and septal diastolic myocardial velocities ratio in patients with global diastolic dysfunction, because it is a better indirect index of pulmonary capillary wedge pressure than central venous pressure. 42, 43 The study findings also demonstrate that PE is associated with heart remodeling and significant changes in cardiac function. Many of the altered TD indices are known to be independently related to the long-term risk of cardiovascular morbidity in nonpregnant subjects. 13, 21, [31] [32] [33] 44 A better understanding of the relationship of these indices and subsequent morbidity in the context of pregnancy may provide an opportunity for early cardiovascular risk stratification and the introduction of prophylactic strategies.
Perspective
The findings of this study indicate that cardiac changes in women with PE are mainly adaptive in nature, maintaining cardiac function at the same time as minimizing wall stress 
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and maintaining myocardial oxygen delivery. There was evidence of myocardial damage in 20% of women with PE in this study. These women are at highest risk of cardiovascular complications in the acute phase of PE and may manifest increased cardiovascular morbidity and mortality later in life. Clarification of the latter is important from a public health perspective, because early identification and intervention may ameliorate subsequent cardiovascular disease. 
Anterolateral wall
Basal Em (cm/sec) 10 (9-12) 8.9 (7.8-10.9) 7.5 (6.6-8.9) 0.047 0.037
Mid Em (cm/sec) 8.3 (6.6-10) 7.1 (5.3-8.4) 5.3 (4-9) 0.2 0.06
Em= peak early diastolic myocardial velocity; SR E= peak early diastolic myocardial strain rate. 
